Abstract-A modelling platform for active carrier removal based on metal-semiconductor-metal structure is reported on analysis of carrier dynamics. The analysis reveals electric current hot spots exist in geometric singularities and curly trajectory of carriers should be considered when accurately estimating the effective carrier lifetime.
I. INTRODUCTION
Silicon (Si) on-chip non-linear processes, such as wavelength conversion and signal regeneration, based on four-wave mixing (FWM) are attracting a lot of attentions due to the broad bandwidth, ultra-fast response and complementary metal-oxidesemiconductor (CMOS) compatibility [1] . However, Si suffers from nonlinear loss related to two-photon absorption (TPA) and three-photon absorption (ThPA) at the telecommunication and mid-IR bands, respectively [2] , [3] . The subsequent free carrier absorption (FCA) hinders the effective nonlinear processing at high pump power. Carrier sweep out by a p-i-n junction across the Si waveguide has been extensively studied [4] . Alternatively, the metalsemiconductor-metal (MSM) structure provides another approach for effective carrier removal without the need of doping for p-and n-regions [5] .
Here, a carrier dynamics modelling platform with carrier generation from TPA and ThPA processes at a wavelength of 2 μm has been established based on finite element modelling (FEM -COMSOL Multiphysics), which is used for the study of carrier dynamics and a thorough understanding of carrier transport in the MSM device.
II. DESIGN OF DEVICE The MSM device proposed for carrier removal is illustrated in Fig. 1 . The design is based on silicon-oninsulator (SOI) platform with ridge waveguide dimension of 250 780 nm and p-type doping with resistivity of ~ 20 Ω·cm. The carrier removal is achieved by the rectifying behaviour based on reverse biasing the titanium (Ti)/p-Si Schottky contact. The slab with thickness of 100 nm serves as the carrier transport channel, which allows carrier drift in response to the induced electric field under bias.
In the simulation, an intrinsic Schottky barrier height of 0.54 eV is used [6] . Lowering of the barrier due to the image-force is considered yielding an effective barrier height of [7] . The Ti contacts are place 1.1 μm from the edge of the waveguide to avoid absorption in the metal. Gold (Au) is placed above Ti for practical electrical contact. A 2D cross-sectional model is adopted for the translational symmetric device. The optical mode profile and photo-generation rate are found by the frequency domain FEM analysis of the entire structure with scattering boundary condition applied to the outer boundaries. The carrier dynamics is simulated in the Si layer. The Schottky contact boundary conditions are placed at the interface between Ti and the Si slab. An insulating boundary condition is applied to the remaining outer boundaries of the Si layer. The built-in carrier mobility model is used to ensure that carriers travel in compliance with the saturation velocity at ~ 10 7 cm/s [7] . In this work, recombination of carriers is not considered to ensure the derived carrier lifetime and density are solely due to the behaviour of carrier transport induced by the externally applied bias. III. CARRIER DYNAMICS Under biased condition, the energy band is tilted from thermal equilibrium as shown in Fig. 2 (a) and (b). The depletion region is established between the electrodes as revealed by the electric field, and shown in Fig. 2 . By increasing the bias voltage, the depletion region is penetrating into the transverse direction from the biased contact and thus proves the functionality of the MSM device for sweeping out the photo-generated carriers.
The result shown in Fig. 2 (c) and (d) also reveals that singularities of electric field close to the breakdown field, i.e. ~ 3 10 5 V/cm at bias of 40 V, are present at the abrupt termination of metal contact and the corners of the waveguide core and slabs. Physically, the abrupt termination of metal reflects a true phenomenon to a certain extent. Although, interdiffusion of atom occurs between the deposited metal layer and semiconductor, Schottky junction only forms at the contact boundary between the two dissimilar materials. According to Fig. 2(e) , the presence of a singularity of the electric field also corresponds to the surge in current density to an extreme level of 3.08 10 3 A/cm 2 under bias of 40 V, which can reduce the mean-time-to-failure of the device due to electromigration and thermal stress [8] . The effective carrier lifetime under different bias voltages and optical intensities is estimated. The approximation of straight carrier trajectories corresponding to the mode width is widely adopted and yields the following equation [9] . (1) where and are the electron and hole velocities. However, our simulation reveals that the carrier does not take a straight trajectory due to the change in field distribution inside the waveguide core, as shown in Fig. 3 . The true path length travelled by the carrier is longer than the straight-path approximation. Therefore, derived from (1) is an underestimation. To deal with the curly trajectory, the integral form of with carrier density can be adopted [10] . The original formula is generalized to address a bell shaped mode profile. (2) where denotes the photo-generation rate of free carriers, is the effective mode area and denotes the integration domain formed by the mode profile. The carrier lifetime obtained from the two definitions are compared and summarized in Fig. 4 . and carrier density , which correspond to (1) and (2) , respectively, at moderate and high optical power levels.
A general trend of reduction of carrier lifetime with increasing bias is observed for both moderate (20 dBm) and high (28 dBm) optical powers as shown in Fig. 4 . By (1), the carrier lifetime is saturated at 5.1 ps under 40 V. With considering the curly trajectory, a longer transit time is expected. The carrier lifetime derived from (2) saturates at 8.1 ps, which is expected to be a better approximation.
IV. CONCLUSION In conclusion, a carrier dynamics modelling platform has been established which facilitates the design and analysis of the MSM device towards efficient carrier removal. The model can also be easily adapted to wavelengths other than 2 μm and device structures.
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